When suckling piglets are isolated from the sow and litter-mates they vocalize a great deal. Sows also call when isolated from their piglets. In one experiment, we found that isolated piglets doubled their call rate in response to playback of sow calls, indicating that piglets are directing calls towards the sow. In a second experiment, we found that variation in the piglet isolation calls related to aspects of the piglet's condition: piglets isolated for 13 min in an enclosure kept at approximately 14°C called more, used higher frequency calls and longer calls, than litter-mates isolated in an enclosure kept at 30°C. These differences in vocal behaviour were significant at 8 and 12 min of isolation, but not at 1, 2 or 4 min. These results for pigs correspond to those found with other species, indicating that characteristics of isolation calls can provide information about a young animal's need for supplemental heat that can be supplied by the parent. The results also agree with a previous study on pigs, showing that features of these vocalizations vary with the piglet's need for other resources such as milk.
Introduction
Although several behavioural measures have been used to assess aspects of animal welfare (see Fraser, 1993) , the development of reliable welfare indicators remains one of applied ethology's greatest challenges. An animal's vocalizations are one class of behaviours thought to provide some indication of its condition. For example, Darwin (1872) argued that vocalizations can provide information about a variety of emotions animals experience such as fear, pain and pleasure, and many recent authors have argued along similar lines. The idea that an animal's calls can provide an indication of its state has intuitive appeal, but in many situations it is known that calling does not provide such information (see Weary and Fraser, 1995a) . Before using an animal's vocalizations as an indicator of its welfare, we should have evidence that variation in the calls does reflect variation in the animal's state. We should also have some understanding of the function of the calls in order to be able to predict the contexts in which they will be used.
One indication of whether calls are likely to provide accurate information about a caller' s condition, is that the calling meets the requirements proposed by theoretical models of 'honest signalling'. These models normally require that the receiver and sender be related (so that the receiver can gain a fitness benefit from any aid that it provides), and that producing the signal entails some cost (so that animals do not invest in signalling if they are not in need) (see Maynard Smith, 1991 ; Johnstone and Grafen, 1992; Godfray, 1995) . As long as there are receivers that will respond, animals should be willing to invest in signalling up to the point that the cost of this investment approaches the value of any benefit from a response.
The calls given by piglets when separated from the sow (Fraser, 1975) are one candidate for a vocal indicator of welfare. The results of earlier experiments have shown that these piglet calls affect the behaviour of the sow: in response to playback of recorded isolation calls, sows responded by approaching the speaker and by vocalizing themselves (Weary and Fraser, 1995b; Weary et al., 1996) . The aim of Experiment 1 was to provide further evidence that the piglet calls are directed towards the sow, by determining the effect of cues of the sow's presence on piglet calling. To do this we played recordings of sow vocalizations to isolated piglets, thus simulating the presence of a sow potentially able to hear and respond to the piglet's calls. If piglets call in an attempt to attract the sow, we expected that piglets would increase their call rate in response to playback of sow calls.
Earlier experiments have also provided some evidence that variation in these piglet isolation calls does reflect variation in the piglet's state. Weary and Fraser (1995b) measured the vocalizations of piglets temporarily isolated from the sow, and found that piglets that had missed nursing or were growing slowly relative to their birth weights vocalized more than litter-mates that had just been fed or were growing relatively well. To show that an indicator is of some general use, however, its reliability needs to be established using a number of different challenges.
The aim of Experiment 2 was, therefore, to supplement the empirical evidence for a relationship between a piglet's known physical condition and its vocalizations. Cool temperatures are one important threat to the survival of a young piglet (e.g. Mount, 1968; Curtis, 1983) . In the wild, the sow is the main source of supplemental heat for the piglet, so a reduction in ambient temperature will lead to an increase in the piglet's need to be reunited with the sow. We, therefore, predicted that piglets in colder conditions would devote more effort to calling. 
Experiment 1: animals, materials and methods
We randomly selected four piglets from each of ten litters, all from our specific-pathogen-free Landrace × Yorkshire research herd. Due to recording problems during one trial, the results from only 39 subjects were included in the analysis. Subjects were 20-26 days old and on average ( ± SD) weighed 7.7 ± 1.6 kg.
Playback stimulus tapes were made from recordings of three sows (not the mothers of the subjects) that had been temporarily separated from their litters. Other work in our laboratory has shown little effect of individual identity of the caller on response to playback in pigs (Weary et al., 1996) , and preliminary trials had shown that piglets respond strongly to calls of both their own mother and other sows. Playback tapes were made using the calls of three different sows so as to allow us to generalize any results beyond the effect of a single sow's calls (see McGregor et al., 1992) .
When sows are isolated from their piglets, either temporarily or when the piglets are removed for weaning, they produce a series of long grunts (Fig. 1 ). Sows were recorded during 10 min of isolation. So as to allow some time for the effect of isolation to stabilize, only the last 2 min from each sow were used for playback. Recordings were made on a Sony Hi-Fi VCR (SLV-83 494HF) via a Symetrix SX202 preamplifier and a Beyer Dynamic MCE86 N(C) microphone suspended approximately 1.5 m above the floor of the sow's pen. Calls used for playback were (mean ± SD) 394 ± 156 ms in duration, and the three different 2-min sequences consisted of 14, 39 and 61 calls.
During each trial, a piglet was played two stimuli: one of the three 2-min sequences of sow calls and a 2-min sequence of computer-generated white noise played at the same amplitude. The order of playback (noise first versus sow calls first) was determined randomly for the first piglet from each litter, and then alternated for the subsequent three. The choice of sow calls played was determined randomly in each trial. Playback was from a Sony TCD-D3 digital audio tape recorder to a Fostex SPAll loudspeaker. After a piglet was removed from its litter it was placed in an enclosure measuring 0.5 × 0.5 × 0.5 m and lined in soft foam rubber. The trial began with 12 min of silence, followed by 2 min of playback, 5 min of silence and a second 2 min of playback. After a further 2 min of silence (i.e. 23 min after the trial began) the piglet was returned to the sow and its litter-mates. The test room was kept at approximately 26°C. Piglet vocalizations were recorded using a Beyerdynamic MCE 86 N(C) microphone placed 10 cm above the top of the pen. The signal from the microphone was fed to a Sony TCD-D3 digital audio tape recorder via a Symetrix SX202 preamplifier.
We counted the number of calls produced during playback and l min immediately after playback, and compared this count for the two playbacks within each trial. The analysis of variance model included litter (9 d.f.), order (sow calls vs white noise played first, 1 d.f.) and sow calls (which of the three sows' calls were played, 2 d.f.) as between-subject effects, tested against an error term with 26 d.f. Playback stimulus (sow calls vs white noise, 1 d.f.), as well as the stimulus by litter, stimulus by order and stimulus by sow calls interactions were tested as within-subject effects against a second error term also with 26 d.f.
Experiment 1: results
There was a gradual decline in the rate of calling by piglets over the entire period of isolation (Fig. 2) . The mean call rate of the isolated piglets was more than double during playback of sow calls than during playback of noise when the sow calls were played first. When sow calls were presented after the sequence of white noise the increase in call rate was much less, perhaps as a result of habituation to playback or the longer period of isolation. The call rate of piglets showed a slight decline during playback of white noise, following the overall decline in call rate with time. Statistically, these results were reflected in significant interaction between the effect of playback stimulus and order (F = 11.50, d.f. = 1,26, P < 0.003). There was no significant difference in response to the calls from the three different sows (F = 0.57, d.f. = 2,26, P > 0.2).
Experiment 2: animals, materials and methods
This experiment was performed on 54 piglets from 20 litters, all from the same research herd used in Experiment 1. Piglets were tested at 9-11 days of age, and weighed on average (± SD) 3.6 ± 0.8 kg. Pairs of piglets were matched for weight, removed from the litter simultaneously and randomly allocated to two visually and acoustically isolated enclosures differing in temperature. Enclosures were identical to that described for Experiment 1, and were kept at approximately 14°C in environmentally controlled rooms. One of the enclosures received supplemental heat from a 250-W Sylvania infrared heat lamp placed at approximately 0.8 m above the floor of the box. This additional heat resulted in the 'warm' enclosure having an average temperature of 29.9 ± 1.2°C while the 'cool' enclosure averaged 13.8 ± 0.9°C. Temperatures were measured to ± 0.1°C using an electronic probe (Micronata min.-max. digital thermometer) resting on the centre of the dark, carpeted surface on the base of the box. The heat lamp was moved between the two enclosures, such that the temperature treatment was balanced across the two enclosures.
After the piglets were placed in the enclosures, they were recorded simultaneously for a period of 13 min using the recording equipment described for Experiment 1. All calls produced during the first 16 s of the first, second, fourth, eighth and twelfth minutes of recording (a total of 4142 calls) were counted and measured using Signal software (Engineering Design, 1991) . For each sample period we measured the number of calls, and for each call we measured the duration (ms), and the frequency (kHz) of maximum amplitude (i.e. frequency of the loudest band in the call). These measures were chosen because they had proven useful in an earlier study (Weary and Fraser, 1995b) .
Each of the 27 pairs of piglets (N = 27) was tested twice on consecutive days, according to a cross-over design (Cochran and Cox, 1992) . One piglet from each pair was tested in the warm enclosure on the first day and the cool enclosure on the second, while the other piglet of the pair had the reverse order. 
Experiment 2: results
Piglets called more when isolated in a cool enclosure than in a relatively warm one (F = 6.60, d.f. = 1,26, P < 0.02). However, piglets called at a rate of only 22 calls min -1 during the second trial compared with a rate of 39 calls min -1 during the first, resulting in a highly significant effect of the day in which piglets were exposed to the two treatments (F = 69.05, d.f. = 1,26, P < 0.001). The effect of temperature was significant during the first trial (F = 4.04, d.f. = 1,26, P < 0.05) but not the second (F = 0.11, d.f. = 1,26, NS), so subsequent analyses focused on the results from the first trial only.
The difference in response to the two conditions was not constant across the 13 min of the trial, but rather increased with time (Fig. 3) . We found no significant difference in the number of calls used by piglets in the two treatments for Minutes 1, 2 or 4 (F < 2.26, d.f. = 1,26, NS; Fig. 3a) . However, piglets called significantly more in the cool enclosure during Minute 8 (F = 6.71, d.f. = 1,26, P < 0.02) and Minute 12 (F = 5.37, d.f. = 1,26, P < 0.03).
Call frequency was higher and call duration longer in the cool room. As there was a stronger effect of temperature for the first trial than for the second, we restricted our analysis to the first for these measures as well. As with the number of calls, these measures showed the largest differences between the two conditions after the first few minutes of the trial (Fig. 3(b) , (c)). There were no significant differences between conditions for either of the variables during Minutes 1, 2 or 4 (F < 2.26, d. f. = 1,26, NS), but calls from piglets in the cool condition were of higher frequency during Minute 8 (F = 5.63, d.f. = 1,26, P < 0.03), and longer during Minute 12 (F = 5.16, d.f. = 1,26, P < 0.04), than those from piglets in the warm condition.
General discussion
If piglet isolation calls serve as a signal to the sow that helps to reunite the animals, then we might expect the amount of calling to increase when the sow is close enough to hear. This proximity could be indicated by the fact that the piglet can hear the sow's own calls. The result of Experiment 1, showing that the calling of isolated piglets increase in response to playback of sow vocalizations, is consistent with this idea. That sows respond to piglet isolation calls by vocalizing themselves and approaching the source of the calls (Weary and Fraser, 1995b; Weary et al., 1996) , and sows respond more to the more extreme calling from needier animals (Weary et al., 1996) , also supports the view that piglet isolation calls serve a communicative function with the sow. One other experiment (Walser, 1986) has also shown that piglets respond vocally to sow calls, although the type of sow calls used for playback was not described.
The results from Experiment 2 showed that piglets isolated in the relatively cool enclosure (about 14°C) called more, and used higher frequency and longer calls, than litter-mates isolated in the warmer enclosure (about 30°C). Evidence summarized by Mount (1968) shows that an ambient temperature of 30°C would be in or near the zone of thermoneutrality for young piglets, whereas 14°C would be well below. Thus, piglets in the cooler environment would lose more heat to the environment, and although they would be expected to maintain core body temperature (Mount, 1959) , they would incur a higher energy cost in doing so. In the present experiment, the difference in calling between the two ambient temperatures developed only after several minutes in the apparatus, presumably as the animals lost progressively more body heat to the environment.
The pups of several species of small rodent vocalize in response to isolation from the mother (Noirot, 1972) , and they call more when isolated at cool air temperatures (e.g. Blumberg and Alberts, 1990) . Indeed, data from Olivier et al. (1994) show that the difference in the mean number of calls given by rat pups kept at 18°C versus others kept at 37°C increases over the course of 10 min of isolation, following much the same pattern to that shown for the piglets. These rodent vocalizations are mostly in the ultrasound range (≫ 20 kHz), and fall into the range of peak sensitivity for adult listeners (e.g. Brown, 1973) . Parents will respond to these calls by orienting towards them and by searching for their young (e.g. Allin and Banks, 1972) .
Some of the best evidence for a relationship between calling and temperature in young isolated animals comes from studies on birds (e.g. Evans, 1990; Bogden and Evans, 1991; Wiebe and Evans, 1994) . For example, Evans (1994) showed that young white pelicans (Pelecanus erythrorhynchos) increased calling as their body temperature fell. He concluded that these calls act like honest signals of need for warmth directed to parents (see Maynard Smith, 1991) . Once again, other studies have shown that parents respond to this calling, in this case by brooding the chilled young (Evans, 1992) .
As in our earlier experiments (Weary and Fraser, 1995b) , the effects detected in Experiment 2 were subtle: a maximum increase in call rate of only 59%, for example. Also, the piglets seemed to habituate to the isolation procedure, as reflected by the much reduced level of calling during the second trial that seemed to obscure differences between conditions. The subtlety of the effects calls for some caution in their interpretation. However, all three experiments in which we have monitored vocalizations in response to manipulations in the animal's condition have shown the predicted trend toward increased vocalization by piglets in greater need for the sow's response, whether need was manipulated by temperature (Experiment 2), or by short-term or long-term food deprivation (Weary and Fraser, 1995b) . The value of this series of experiments (Weary and Fraser, 1995b; Weary et al., 1996 ; present study) is in establishing the reliability and generality of piglet isolation calls as a welfare indicator that can now be applied to new problems.
